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Very recently, the Pierre Auger Collaboration reported a 4.5σ correlation between the arrival directions
of the highest energy cosmic rays and nearby starburst galaxies. The cosmic rays producing the
anisotropy signal have been proposed to originate in low-luminosity gamma-ray bursts (llGRBs). On
the basis of the well-justified assumption that at redshift z < 0.3 the host metallicity is a good indicator
of the llGRB production rate, we show that the association of llGRBs and the starbursts correlating
with Auger data is excluded at the 95% confidence level.
By now, it is well-established that galactic-scale out-
flows of gas (generally called starburst-driven super-
winds) are ubiquitous in galaxies in which the global
star-formation rate per unit area exceeds roughly
10−1 M yr−1 kpc−2 [1]. These flows are complex, mul-
tiphase phenomena powered primarily by massive star
winds and by core collapse supernovae (SNe), which
collectively create hot (T . 108 K) bubbles of metal-
enriched plasma within the star forming regions. The
over-pressured bubbles expand at high-velocity sweep-
ing up cooler ambient gas and eventually blow out of
the disk into the halo. Starburst superwinds then pro-
vide a commonplace for the formation of collisionless
plasma shock waves in which charged particles can be
accelerated by bouncing back and forth across the shock
up to ultrahigh energies [2]. Experimental data support
this prediction: the Pierre Auger Collaboration reported
a 4.5σ significance correlation between the arrival di-
rection of cosmic rays with energy above 38 EeV and
a model based on a catalog of bright starburst galax-
ies [3, 4]. In the best-fit model, 11+5−4% of the cosmic-ray
flux originates from these objects and undergoes angu-
lar diffusion on a 15+5−4
◦ scale. Of course, readjustment of
superwind-free-parameters are necessary to accomodate
Auger data [5–7].
However, it was recently put forward the idea that ul-
trahigh energy cosmic ray acceleration in low-luminosity
gamma-ray bursts (llGRB) could be the origin of the
fraction of Auger events which correlates with starburst
galaxies [8]. In this work we show that the association
of llGRBs with the starbursts generating the anisotropy
signal found in Auger data is disfavored by observation.
Before proceeding, we pause to note that whether llGRBs
would satisfy the power requirements to accelerate cos-
mic rays up to the highest observed energies may be up
for debate [9–11].
We begin our study with an overview of the ba-
sic properties of the various GRB populations. A de-
tailed scrutiny of the BATSE catalog led to our current
duration-based classification system for GRBs: short
GRBs (SGRBs) have burst durations of < 2 s, whereas
long GRBs (LGRBs) have burst durations of > 2 s [12].
GRBs can also be splitted according to their luminosities
into llGRBs (Liso < 1049 erg/s) and high-luminosity GRBs
(Liso > 1049erg/s) [13]. Herein, we also adopt the con-
ventions of [14] to identify nearby (z < 0.3) GRBs from
those at intermediate redshift (0.3 < z < 1).
Over the last two decades a consensus formed that
LGRBs arise from core-collapse SNe [15] and that SGRBs
have a different origin. Indeed, observations have
proved the SNe type Ic-BL  LGRBs connection be-
yond any reasonable doubt [16–18]. Type Ic are core-
collapse stripped-envelope SNe, whose progenitor stars
have lost most of the hydrogen and helium in their outer
envelopes prior to the collapse. Some SNe type Ic are
found to have very broad lines in their spectra (type
Ic-BL), indicative of very fast ejecta velocities.
Because GRBs are outlying and arise in small galaxies
seldom monitored by high-angular resolution surveys,
it has not been and will likely not be possible in the
near future to image the progenitor of a GRB, thus we
are only able to figure out properties of the progenitor
star from its environment. There are several studies that
seem to indicate that metals keep GRBs away. For ex-
ample, the host galaxies of five nearby LGRBs (980425,
020903, 030329, 031203 and 060218, each of which had a
well-documented associated SN) are all faint and metal-
poor compared to the population of local star-forming
galaxies [19]. Moreover, various analyses of GRB host
morphologies suggest a correlation between metallicity
and LGRB occurrence rate; see e.g. [20, 21]. In addition,
a systematic comparison of the host galaxies of broad-
lined SNe Ic with and without a detected GRB, indicates
that a larger fraction of super-solar metallicity hosts are
found among the SNe Ic-BL without a GRB [22].
Models of stellar evolution further reinforce the metal-
licity bias for LGRB progenitors. This is because the well-
established correlation between LGRB and stripped-
envelope SNe points to carbon- and oxygen- rich Wolf-
Rayet (WR) stars as the most promising progenitor can-
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2TABLE I: Properties of nearby llGRBs.
GRB ID log[Liso/(erg/s)] Redshift 12 + log(O/H) References
980425 46.67 0.008 8.4 − 8.6 [14, 19, 30]
020903 48.92 0.251 8.0 − 8.1 [30, 31]
031203 48.55 0.105 8.1 − 8.2 [19, 30, 31]
051109B 48.22 0.080 8.0 − 8.4 [32, 33]
060218 46.78 0.033 7.6 − 8.2 [14, 30, 31]
060505 48.85 0.089 8.0 − 8.4 [32, 33]
080517 48.52 0.089 8.6 − 8.7 [34–37]
100316D 47.75 0.059 8.0 − 8.2 [31, 38, 39]
111005A 46.78 0.013 8.4 − 8.6 [34, 40, 41]
171205A 47.50 0.037 8.4 − 8.7 [42, 43]
didates [23, 24].1 WR stars emit winds that eject about
10M of material per million years at speeds of up to
3, 000 km/s, resulting in the characteristic broad emis-
sion lines in the spectra of these stars (normal stars have
narrow emission lines). It is thought that these power-
ful winds are driven by intense radiation pressure on
spectral lines, yielding a dependence of the wind-driven
mass loss rate on surface metallicity [25, 26]. Thereupon,
the surface rotation velocities of WR stars are expected
to decrease at higher stellar metallicites because of the
higher mass loss rate [27]. For WR stars, the metallicities
characterizing their host environments can be adopted as
the natal metallicities of the stars themselves. This entails
that the higher wind-driven mass loss rates in metal-rich
environments would remove from the massive WR stars
too much angular momentum, inhibiting them from ro-
tating rapidly enough to produce a LGRB [23, 28]. All in
all, LGRBs must be confined to low-metallicity environ-
ments.
Though a priori there is no reason to assume that
LGRBs and llGRBs are related, the similarity of their
associated SNe implies that llGRBs and LGRBs have
similar progenitors and similar inner explosion mech-
anism [29]. In light of the preceding discussion, it seems
reasonable to assume that the metallicity of the host en-
vironment would also be a good discriminator of llGRB
progenitors. In what follows we compare the host metal-
licity of nearby llGRBs with that of the starbursts dom-
inating the signal in Auger data. The metallicities of
llGRB hosts are given in Table I and the metallicity of
the starbursts is given in Table II. Following [47], we
have taken log(Z/Z) = log(O/H) − log(O/H), with
12 + log(O/H) = 8.69 and Z = 0.019 being the solar
values [48].2 To remain conservative, in our calculations
1 WR stars are highly luminous massive objects which are at an ad-
vanced stage of stellar evolution and losing mass at a very high
rate.
2 We note that the precision of our phenomenological study is in-
sensitive to any plausible change of the solar metallicity, e.g.,
12 + log(O/H) = 8.66 [49], which was adopted in Ref. [45].
TABLE II: Properties of nearby starburst galaxies.
Starburst ID Distance (Mpc) 12+ log(O/H) References
NGC 253 2.7 9.0 [3, 44]
M82 3.6 9.0 [3, 44]
NGC 4945 4.0 8.8 [3, 45]
M83 4.0 9.2 [3, 44]
IC 342 4.0 8.9 [3, 44]
Circinus 4.0 8.2 [46]
NGC 6946 5.9 9.1 [3, 44]
M51 10.3 8.7 [3, 44]
NGC 891 11.0 8.9 [3, 44]
NGC 1068 17.9 9.0 [3, 44]
FIG. 1: Vertical displacement between sample distribution
functions.
we adopt the upper end of the metallicity range to char-
acterize the llGRB sample.
Next, we adopt the Kolmogorov-Smirnov (two-
sample) test to check whether the two data sets of metal-
licity are both drawn from the same underlying prob-
ability distribution, but without assuming any specific
model for that distribution. The calculations that are in-
volved in application of the Kolmogorov-Smirnov test
are quite simple. We begin by stating the null hypotheis
H0: if fm(x) and gm(x) are samples of two underlying
probability density functions f (x) and g(x), then
H0 : f (x) = g(x) ,∀x . (1)
The alternate hypothesis is that f (x) , g(x). Now, given
any sample from an unspecified population, a natural es-
timate of the unknown cumulative distribution function
of the population is the empirical (or sample) distribution
function (EDF) of the sample, defined, at any real number
x, as the proportion of sample observations which do not
exceed x. For a sample of size m, the empirical distribu-
tion function will be denoted by Fm(x) and may be de-
fined in terms of the order statistics X(1) ≤ X(2) · · · ≤ X(m)
3TABLE III: Upper critical values of the Kolmogorov-Smirnov
test statistic D0.05 multiplied by the two sample sizes m and n.
n \m 10 11 12 13 14 15 16 17 18 19
10 70 60 66 70 74 80 84 89 92 94
11 60 77 72 75 82 84 89 93 97 102
12 66 72 84 81 86 93 96 100 108 108
13 70 75 81 91 89 96 101 105 110 114
14 74 82 86 89 112 98 106 111 116 121
15 80 84 93 96 98 120 114 116 123 127
16 84 89 96 101 106 114 128 124 128 133
17 89 93 100 105 11 116 124 136 133 141
18 92 97 108 110 116 123 128 133 162 142
19 94 102 108 114 121 127 133 141 142 171
by
Fm(x) =

0 if x < X(1)
j/m if X(1) ≤ x ≤ X( j+1), 1 ≤ j ≤ m
1 if x ≥ X(m)
, (2)
i.e., Fm is the staircase function.
To form the test statistics D from the sample distribu-
tion functions Fm(x) and Gn(x) we compute their maxi-
mum absolute difference over all the values of x,
D = max
x
|Fm(x) − Gn(x)| . (3)
Graphically, we may interpret this as the maximum ver-
tical displacement between the two sample distribution
functions as indicated in Fig. 1.
Testing of the null hypothesis proceeds by compari-
son of D against critical values Dα which are functions
of the confidence level α and the sizes of the samples
m,n [52]. We may reject the null hypothesis H0 at the
(1 − α) confidence level if D > Dα. Of particular interest
here, mnD0.05 has values as given in Table III [53].
For the case at hand, m = n = 10 and so D0.05 = 0.7.
Since the maximum difference between the EDFs shown
in Fig. 1 is D = 0.8, we infer that the null-hypothesis (the
two metallicity samples belong to the same distribution)
is excluded at the 95% confidence level. Therefore, on
the basis of the well-justified assumption that at red-
shift z < 0.3 the host metallicity is a good indicator of the
llGRB production rate, we can conclude that the associa-
tion of llGRBs and the starbursts correlating with Auger
data is disfavored by observation.
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